Previous studies have reported that only primordial follicles and empty follicles can be found in 7.5 days postparturition (dpp) Sohlh1 −/− mouse ovaries and females are infertility. There appears to be a defect in follicle development during the primordialto-primary follicle transition in Sohlh1 −/− mouse ovaries. However, detailed analyses of these phenomena have not been performed. In this study, we used Sohlh1 −/− transgenic mice to explore the role of Sohlh1 in folliculogenesis. The results showed that only primordial follicles and empty follicles can be observed in Sohlh1 −/− ovaries from 0.5 to 23.5 dpp. The expression of Foxo3 and FOXO3 was downregulated; nucleocytoplasmic shuttling of FOXO3 was normal in 7.5-dpp Sohlh1 +/+ but not Sohlh1 −/− ovaries; and primordial follicle activation (PFA) was not observed in 7.5-dpp Sohlh1 −/− mice. The expression levels of KIT, AKT, and P308-AKT were downregulated (p < 0.05), whereas that of P473-AKT was not significantly changed (p > 0.05). The KIT/PI3K/AKT pathway was inhibited. Furthermore, we conducted a dual luciferase assay and chromatin immunoprecipitation. The results showed that SOHLH1 can upregulate the Kit gene by binding to the −3698 bp E-box motif. The absence of Sohlh1 may affect PFA in mouse ovaries via downregulation of Kit and inhibition of the KIT/PI3K/AKT pathway. K E Y W O R D S AKT, KIT, PI3K, primordial follicle activation, Sohlh1
follicles can either die or be activated to enter the growth stage (H. Zhang & Liu, 2015) . PFA plays a vital role in maintaining the primordial follicle pool and a proper reproductive lifespan.
The PFA process involves both differentiation and proliferation of pfGCs and robust growth of dormant oocytes (Hirshfield, 1991a) . This process is controlled by several intrafollicle signaling networks (H. Zhang & Liu, 2015) , and pfGCs can initialize the PFA (H. Zhang et al., 2014) . Previous studies in mice have shown that Kit is essential for the survival and differentiation of female and male germ cells (Blume-Jensen et al., 2000; Parrott & Skinner, 1999) . PI3K/FOXO3 signaling in oocytes of primordial follicles can control the premature activation of primordial follicles (Jagarlamudi et al., 2009; John, Gallardo, Shirley, & Castrillon, 2008) . Absence of Foxo3a can lead to global follicular activation (Castrillon, Miao, Kollipara, Horner, & DePinho, 2003) . As these factors and pathways are all expressed in primordial oocytes Borum, 1961; Jagarlamudi et al., 2009; Kim, 2012; Reddy, Zheng, & Liu, 2010) , oocytes also play a pivotal role during PFA (Hirshfield, 1991a; Lintern-Moore & Moore, 1979; Liu et al., 2006) .
Although there was a defect in follicle development during primordial-to-primary follicle transition in Sohlh1 −/− ovaries, the relationship between Sohlh1 and PFA in oocytes remains to be identified. In this study, we focused on investigating folliculogenesis and PFA in Sohlh1 −/− mice after birth and aimed to elucidate the molecular mechanism in Sohlh1 −/− mice.
2 | RESULTS 2.1 | Gene and protein expression of Sohlh1 in Sohlh1 +/+ and Sohlh1 −/− mice To determine the genotypes of the mice, we used tail DNA for PCR analysis. The results showed that only a 327-bp gene segment could be amplified by PCR in Sohlh1 +/+ mice, only a 233-bp gene segment could be amplified by PCR in Sohlh1 −/− mice, and both the 233-and 327-bp gene segments could be amplified by PCR in Sohlh1 +/− mice (Figure 1a ). To examine the gene and protein expression of Sohlh1 in different ovary genotypes, qPCR and western blot analysis were used. Both gene and protein expression of Sohlh1 were downregulated in Sohlh1 −/− ovaries (Figure 1 b,c ).
| Sohlh1 deficiency resulted in folliculogenesis disorder in mice
To identify difference in folliculogenesis between Sohlh1 +/+ and Sohlh1 −/− mice, we performed morphological and histological analyses. The results showed that there were no histological or morphological differences (Figure 2a-c) among the 0.5 days postparturition (dpp) ovaries, which was consistent with previous research . The primordial and primary follicles were normal in the 3.5-dpp Sohlh1 +/+ ovaries, but only primordial follicles were observed in the Sohlh1 (Figure 3d ). PFA was disrupted in the Sohlh1 −/− ovaries.
| Sohlh1 deficiency can influence the KIT/PI3K/ AKT pathway in mouse ovaries
Because PFA was disrupted, the KIT/PI3K/AKT pathway may be influenced in the Sohlh1 −/− ovaries. To prove our hypothesis, Western blot analysis was conducted in 7.5-dpp ovaries. The results showed PFA may have been disrupted due to the KIT/PI3K/AKT pathway inhibition in the Sohlh1 −/− ovaries.
| SOHLH1 upregulates the kit promoter activity via the E-box DNA motif
Because the KIT/PI3K/AKT pathway was inhibited, KIT was downregulated in the Sohlh1 −/− ovaries. We inferred that F I G U R E 2 Histological and morphological examination of folliculogenesis and ovarian development in Sohlh1 +/+ and Sohlh1 −/− mice at various stages. Histology of folliculogenesis in ovaries of Sohlh1 +/+ (a) and Sohlh1 −/− (b) mice at 0.5 dpp. Gross appearance of Sohlh1 +/+ and Sohlh1 −/− ovaries at 0.5 dpp (c). Histology of folliculogenesis in ovaries of Sohlh1 +/+ (d) and Sohlh1 −/− (e) mice at 3.5 dpp. Gross appearance of Sohlh1 +/+ and Sohlh1 −/− ovaries at 3.5 dpp (f). Histology of folliculogenesis in ovaries of Sohlh1 +/+ (g) and Sohlh1 −/− (h) mice at 7.5 dpp. Gross appearance of Sohlh1 +/+ and Sohlh1 −/− ovaries at 7.5 dpp (i). Histology of folliculogenesis in ovaries of Sohlh1 +/+ (j) and Sohlh1 −/− (k) mice at 12.5 dpp. Gross appearance of Sohlh1 +/+ and Sohlh1 −/− ovaries at 12.5 dpp (l). Histology of folliculogenesis in ovaries of Sohlh1 +/+ (m) and Sohlh1 −/− (n) mice at 23.5 dpp. Gross appearance of Sohlh1 +/+ and Sohlh1 −/− ovaries at 23.5 dpp (o). Arrows throughout show locations of primordial follicles, primary follicles, secondary follicles, antral follicles, and empty follicles. AF: antral follicles; dpp: days postparturition; Ep: empty follicles; P: primary follicles; Pr: primordial follicles; SF: secondary follicles; Sohlh1: spermatogenesis-and oogenesis-specific basic helix-loop-helix 1 [Color figure can be viewed at wileyonlinelibrary.com]
| SOHLH1 can bind to the E-box motif of the c-kit gene in mouse ovaries
To determine whether SOHLH1 can bind to the E-boxes at −3142 bp (E1), −3698 bp (E2), and −5740 bp (E3) in vivo, we performed chromatin immunoprecipitation (ChIP) assays by immunoprecipitating SOHLH1 from formaldehyde-crosslinked chromatin obtained from 7.5-dpp mouse ovaries. The results showed that SOHLH1immunoprecipitated DNA was enriched at the −3698 bp (E2) and 
| DISCUSSION
PFA leads to the transition from primordial to primary, which can determine the female reproductive lifespan. Broekmans, Knauff, te Velde, Macklon, & Fauser, 2007; Hansen et al., 2008) . Primordial follicles consist of several flattened pfGCs and one immature oocyte (Hirshfield, 1991b) . These follicles are the first to be formed in the mammalian ovary and are the only source of mature follicles. Once primordial follicles are formed, most remain quiescent and are recruited into the growing follicular pool gradually McGee & Hsueh, 2000) . Primary follicles represent the first step of follicle growth. Each of these follicles consists of several cubic granulosa cells and one growing oocyte (Fortune et al., 2000) . Due to the different characteristics of these two follicles, histological analysis can be used to differentiate quiescent and growing follicles (H. Zhang et al., 2014; Zheng, Nagaraju, Liu, & Liu, 2012) . In this study, folliculogenesis was normal from 0.5 to 23.5 dpp in the Sohlh1 +/+ ovaries but was disrupted in the Sohlh1 −/− ovaries. Only primordial follicles and empty oocytes with cubic granulosa cells were found in the Sohlh1 −/− ovaries from 0.5 to 23.5 dpp (Figure2a-o). Some of these results were consistent with a previous report . Previous studies have reported that different stages of follicle growth can gradually occur during mouse development (Eppig & Schroeder, 1989; Horikawa et al., 2005; Kreeger, Deck, Woodruff, & Shea, 2006; M. Xu, Kreeger, Shea, & Woodruff, 2006; Nandedkar, Dharma, Modi, & Dsouza, 2007; Xu, Banc, Woodruff, Teresa & Shea, 2009 ). The results of our research indicated that the absence of Sohlh1 can disrupt folliculogenesis in mouse ovaries. 
| 23
The Foxo3 transcription factor is associated with ovarian follicle activation, and the absence of Foxo3 can lead to global follicular activation and oocyte death (Castrillon et al., 2003) . Foxo3 is a PI3Kdependent factor in the activation of primordial follicles, and FOXO3 nucleus-cytoplasm shuttling can be observed during PFA (John et al., 2008) . Our research showed that the mRNA and protein expression levels of Foxo3 were downregulated in 7.5-dpp Sohlh1 In the past decade, several pathways in ooyctes have been reported to play important roles in controlling PFA Kim, 2012; Reddy et al., 2010) , including the KIT/PI3K/AKT pathway Reddy et al., 2005 Reddy et al., , 2008 Reddy et al., , 2009 . KIT is a type III receptor protein tyrosine kinase that can anchor its cognate ligand (KITL) via intracellular signaling pathways involved in fundamental cellular processes (Liu, 2006) .
Neutralization of KIT can affect the primordial-to-primary follicular transition (Yoshida et al., 1997) . KITL-KIT can mediate the PI3K signaling pathway (Liu, 2006) . AKT is activated by the PI3 kinase via the threonine 308 phosphorylation site and translocates to the nucleus to phosphorylate several resident substrates (Blume-Jensen & Hunter, 2001; Meier & Hemmings, 1999) , such as FOXO3, and activate primordial follicles.
Phosphorylation of AKT via the serine 473 phosphorylation site can help activate the PI3K signaling pathway (Persad et al., 2001) . Our results showed that the protein expression levels of KIT, total-AKT, and P308-AKT were significantly downregulated, and those of P473-AKT were not significantly different. Absence of Sohlh1 led to inhibition of the PI3K signaling pathway in 7.5-dpp mouse ovaries.
F I G U R E 4 Western blot analysis of PI3K-related proteins in Sohlh1 +/+ and Sohlh1 −/− mouse ovaries. Western blot results show protein expression in 7.5-dpp ovaries (n = 10) for AKT total (a). AKT-P308 (b). AKTP473 (c). and KIT (d) . Semiquantitative analysis of Western blot results for AKT total (e), AKT-P308 (f), AKT-P473 (g), and KIT (h) in 7.5-dpp ovaries (n = 10). Gene expression levels of Kit in Sohlh1 +/+ and Sohlh1 −/− mice (i), as determined by qPCR. Values were normalized to β-actin expression. Error bars represent the SEM of the means of three separate experiments performed in triplicate. *p < 0.05; **p < 0.01. dpp: days postparturition; SEM: standard error of mean; Sohlh1: spermatogenesis-and oogenesis-specific basic helix-loop-helix 1
Sohlh1 is an oocyte-specific transcription factor that is expressed at the primordial and primary follicle stages. This protein can bind to the E-box consensus DNA sequence CANNTG, leading to ovarian atrophy and follicle exhaustion in adult Sohlh1 −/− mice (Desimio et al., 2015; Pangas et al., 2006; Toyoda et al., 2014) . Kit is a well-known gene that is expressed during folliculogenesis in mice and an upstream factor of the PI3K signaling pathway (Liu, 2006) . Research has demonstrated that Kit is regulated by several transcription factors (Avilion et al., 2003; Barna et al., 2002; Barrios et al., 2012; Campolo et al., 2013; Dann et al., 2008; Filipponi et al., 2007; Krentz et al., 2009; Matson et al., 2010; Suzuki et al., 2012; Western et al., 2005) , and many cis-elements are located at the promoter region of Kit between −6.9 kb and 3.5 kb (Cairns et al., 2003; Filipponi et al., 2007; Payne & Braun, 2006) . Considering that the expression of KIT in the Sohlh1 −/− ovaries was downregulated and that SOHLH1 can bind to the E-box site of the Kit promoter in mouse testes (Suzuki et al., 2012; Toyoda et al., 2009) , we inferred that SOHLH1 may have the same effect in ovaries. Using a dual luciferase assay, we determined that the −3142 bp (E1) and −3698 bp (E2) E-box sites can influence the luciferase activity of the Kit gene promoter in 293T cells. ChIP results showed that SOHLH1 could bind to the −3698 bp Although these results can improve our understanding of the mechanism of abnormal ovarian development in Sohlh1 −/− mice, demonstration of this correlation in vivo, particularly in oocytes, requires further research. A recent study used the transgene method to demonstrate that activation of Sohlh1 expression in Sohlh2-KOs may rescue the Sohlh2-KO phenotype (Shin et al., 2017) . This method could be used to address this problem in the future.
As a universal regulator, Sohlh1 can coordinate with Sohlh2 in male and female germline differentiation. A previous study reported that Sohlh1 can interact with Sohlh2 in the embryonic gonad and play an important role in postnatal primordial follicle formation and oocyte differentiation independently of meiosis (Shin et al., 2017) . Many transcriptional regulators, such as SOHLH1 (D. J. Ballow, Xin, Choi, Pangas, & Rajkovic, 2006; Pangas et al., 2006) , SOHLH2 (Choi, Yuan, & Rajkovic, 2008; , LHX8 Qin et al., 2008) , NOBOX (Rajkovic, Pangas, Ballow, Suzumori, & Matzuk, 2004) , and FIGLA (Soyal, Amleh, & Dean, 2000) , have been reported to play important roles in postnatal oocyte differentiation.
However, Nobox, Figla, and Lhx8 are associated with Sohlh1 expression (Shin et al., 2017) . Loss of the Sohlh1 gene can lead to disruption of embryonic expression of the LHX8 and NOBOX proteins without the disruption of meiosis (Shin et al., 2017) . However, the interaction between these oocyte-specific transcriptional regulators in orchestration postnatal primordial follicle formation and oocyte differentiation remains to be explored. In our previous study, the expression levels of Sohlh2, Bmp4, Bmp15, and Gdf9 were also downregulated in Sohlh1 −/− mouse ovaries (data not reported). Both Sohlh2 and Bmp4 are also important factors that influence the PI3K pathway in mouse ovaries, leading to female infertility (Choi et al., 2008; Ding, Zhang, Mu, Li, & Hao, 2013; Y. Li, Zhang, Zhang, Sun, & Hao, 2014; X. Zhang et al., 2015) . In addition, Bmp15 and Gdf9 can transduce signals from oocytes to granulosa cells (Elvin, Yan, Wang, Nishimori, & Matzuk, 1999; Paulini & Melo, 2011) . The mechanism underlying the changes in the expression of these genes due to the absence of Sohlh1 remains unexplained. Further investigations are currently underway in our laboratory to improve our understanding of the role of Sohlh1 in early oogenesis in mouse ovaries. 
| MATERIALS AND METHODS

| Mouse lines
| Polymerase chain reaction
The PCR primers used to determine the genotypes of the mice are shown in Table 1 . The primers KF and KR were used to amplify the DNA sequence of the fusion gene generated by the knockout vector (233 bp). The primers WF and WR were used to amplify the DNA sequence of the exon of Sohlh1 (327 bp). PCR was performed with initial denaturation at 94°C for 5 min, followed by 30 cycles of denaturation at 94°C for 30 s, annealing at 58°C for 30 s and extension at 72°C for 30 s.
| Histological analysis and immunofluorescence of frozen ovaries
At 0.5, 3.5, 7.5, 12.5, and 23.5 dpp, mouse ovaries were collected and embedded in optimal cutting temperature (OCT) compound and maintained at −100°C. Samples were cut into 8-µm sections and stained with hematoxylin and eosin. Three pairs of ovaries were analyzed for gross and microscopic analysis.
Frozen 7.5-dpp ovaries were equilibrated at −20°C for 30 min and then cut into 8-µm sections. Slides were equilibrated at 4°C for 30 min with the Alexa Fluor488 Kit (Beyotime, Shanghai, China) and then used as per the manufacturer's instructions. Slides were permeabilized for 10 min in 0.1% Triton X-100 (Beyotime, Shanghai, China) in Tris-buffered saline (TBSTx). Anti-FOXO3 (#12829; Cell Signaling Technology, Danvers) was added at a 1:2000 dilution in TBSTx with 0.5% BSA (Solarbio, Beijing, China), and the slides were incubated overnight at 4°C. Secondary antibodies were added to the slides for 1 hr at room temperature. Nuclei were labeled with DAPI for 5 min at room temperature. Slides were visualized by fluorescence microscopy (Olympus, Tokyo, Japan). The methods used to determine the nuclear and cytoplasmic presence of FOXO3 were reported previously (John et al., 2008) .
| Western blot analysis
Sixty ovaries were collected from 7.5-dpp Sohlh1 +/+ and Sohlh1 −/− mice and preserved at −100°C. In total, 20 ovaries were extracted using the radioimmunoprecipitation assay lysis buffer (Beyotime, Shanghai, China), which contained phosphatase inhibitor cocktail (Roche, Basel, Switzerland), and incubated on ice for 30 min. The supernatant was collected after centrifugation at 12,000 rpm for 10 min at 4°C and then boiled at 
| Quantitative polymerase chain reaction
The 7.5-dpp ovaries of different genotypes were collected and immersed in RNA later (Ambion, Shanghai, China). Total RNA from the ovaries was extracted using an RNA extraction kit (Omega, China) and reverse-transcribed using an RNA reverse transcription kit (TAKARA, Dalian, China) . Quantitative polymerase chain reaction 1× PBS with 1% formaldehyde and incubated for 10 min at room temperature. Then, 105 µl of 10× glycine was added to the solution with slight shaking, and the mixture was incubated for 5 min at room temperature. The supernatant was discarded after centrifugation at 3,000g for 5 min at 4°C. We then followed the instructions of the ChIP kit (Millipore, Billerica). Anti-SOHLH1 (ab41520; Abcam, Cambridge, UK) and normal mouse IgG (provided in the ChIP kit)
were used in the experiment. Quantitative PCR was performed to analyze the results. Primer pairs were designed to amplify the genomic fragments that contained E-boxes at −3142, −3698, and −5740 bp. The primers were designed and are listed in Table 5 .
Sequencing was used to verify the results.
| Statistical analysis
For analysis of the dual luciferase assay results, analysis of variance was performed to determine p values. For other analyses, Student's t test was used to identify significant differences between groups.
Data analyses were performed using SPSS 17.0 software (IBM, Armonk). All numerical data are expressed as the mean ± standard deviation. The significance levels used for experiments were *p < 0.05 and **p < 0.01.
